Abstract Age-related bone loss is well established in humans and is known to occur in nonhuman primates. There is little information, however, on the effect of dietary interventions, such as caloric restriction (CR), on age-related bone loss. This study examined the effects of long-term, moderate CR on skeletal parameters in rhesus monkeys. Thirty adult male rhesus monkeys were subjected to either a restricted (R, n0 15) or control (C, n015) diet for 20 years and examined throughout for body composition and biochemical markers of bone turnover. Total body, spine, and radius bone mass and density were assessed by dualenergy X-ray absorptiometry. Assessment of biochemical markers of bone turnover included circulating serum levels of osteocalcin, carboxyterminal telopeptide of type I collagen, cross-linked aminoterminal telopeptide of type I collagen, parathyroid hormone, and 25(OH)vitamin D. Overall, we found that bone mass and density declined over time with generally higher levels in C compared to R animals. Circulating serum markers of bone turnover were not different between C and R with nonsignficant diet-by-time interactions. We believe the lower bone mass in R animals reflects the smaller body size and not pathological osteopenia.
Introduction
Age-related bone loss is a well-established human characteristic found in all populations despite nutritional and biomechanical differences (Garn 1975; Mazess 1982; Cauley 2011; Barrett-Connor et al. 2005; Syed and Hoey 2010) . Age-related bone loss has also been reported in several macaque species (Bowden et al. 1979; Champ et al. 1996; Colman et al. 1999a, b; DeRousseau 1985; Grynpas et al. 1993; Kessler et al. 1986; Pope et al. 1989; Przybeck 1985; Smith et al. 2009; Binkley et al. 1998; Brommage 2001; Fox et al. 2007; Miller et al. 1986) , although none of these model systems replicate the osteoporotic fractures found in the human disease. To date, there is little information on the effect of aging interventions on the progression of agerelated bone loss.
Caloric restriction (CR), or the reduction in total energy intake without restriction of a specific nutrient, is the only environmental intervention that has been repeatedly shown in laboratory rodents to retard the rate of aging and increase maximum life span (Masoro and Austad 1996; Weindruch 1996; Weindruch and Walford 1988) . The ability of CR to increase life span is also seen in spiders, fish, water fleas, and other animals (Weindruch and Walford 1988) . Studies (Ingram et al. 1990; Kemnitz et al. 1993; Colman et al. 2009; Ramsey et al. 2000; Mattison et al. 2003) are currently underway exploring the effects of moderate (∼30%) CR in rhesus monkeys, but information on the skeletal effects of this intervention remains limited.
Several studies have examined the effects of varying degrees of CR on rodent skeletal systems. The earliest study (McCay et al. 1935) found that femurs removed from restricted (R) rats crumbled during dissection; however, the level of CR makes it likely that these animals were suffering from nutritional deficiencies. Later studies by Kalu et al. (1984a Kalu et al. ( , b, 1988 in F344 rats under a less severe restriction found that CR resulted in delayed epiphyseal closure, bones of lower density, and no reduction in femur density in old age. Results from more recent rodent studies have been variable. Some studies have shown a reduction in bone density with CR (Sanderson et al. 1997; Talbott et al. 1998; Berrigan et al. 2005 ); however; among these studies, one claims this to be due entirely to decreasing body weight with CR (Sanderson et al. 1997) , while another found higher bone turnover in the CR animals (Talbott et al. 1998 ). Contrary to this, a recent study in F344BN rats found that animals subjected to 40% CR beginning at 14 weeks of age showed a possible beneficial response to the CR diet where bone quality was maintained with bone quantity improved per unit of body mass (Westerbeek et al. 2008) .
In a study of CR in rhesus monkeys, Lane et al. (1995) showed delayed skeletal maturity but no reduction in total body bone mineral density or alteration in serum levels of calcium, phosphate, or osteocalcin. However, this study included a limited number (n03) of older animals and was confined to males. Subsequently, a cross-sectional analysis of male rhesus macaques, calorically restricted for 11 years, found lower bone mass that was accounted for by adjustment for age and body mass, specifically lean body mass ). However, this study included animals of two broad age groups, the youngest of which were immature at the time of energy restriction. Similarly, lean body mass was found to be the strongest predictor of bone mass in female rhesus macaques calorically restricted for 6 years .
Two studies have examined the effects of CR on bone in humans. The first study found that 6 months of CR in young, overweight adults resulted in large changes in overall body composition but no significant bone loss (Redman et al. 2008) . The second study examined the effects of long-term CR in a group of 32 middle-aged lean individuals and found that while bone mineral density (BMD) was lower at the lumbar spine and hip when compared to age-and sex-matched sedentary individuals, bone quality was not reduced (Villareal et al. 2011) .
The objective of the present study is to explore longitudinally the impact of long-term CR on bone metabolism in adult male rhesus macaques, a close phylogenetic relative of humans. This study employs techniques commonly used in clinical osteoporosis research including dual-energy X-ray absorptiometry (DXA) at clinically relevant sites and biochemical markers of bone turnover. Specifically we measured both bone mineral content (BMC, total grams of bone mineral in the region of interest) and BMD (BMC divided by bone area) of the total body, lumbar spine and radius. The skeletally relevant biochemical markers available in this study included osteocalcin (a product of osteoblasts often used as a marker of bone formation), carboxyterminal telopeptide of type I collage (ICTP, a marker of bone turnover), crosslinked aminoterminal telopeptide of type I collagen (NTx, a marker of bone turnover), parathyroid hormone (PTH, a marker of calcium status), and 25 hydroxyvitamin D (25OHD, an indicator of vitamin D status).
Methods

Animals and study design
The effects of aging and CR are being analyzed longitudinally in thirty adult male rhesus monkeys (Macaca mulatta), ranging in age from 8 to 14 years at study onset. More detailed descriptions of the design and methodology of this study have been reported (Colman et al. 1998; Kemnitz et al. 1993; Ramsey et al. 2000) . This protocol was carried out with the approval of the Institutional Animal Care and Use Committee of the Graduate School of the University of Wisconsin, Madison.
The animals used in this study have lived their entire lives at the Wisconsin National Primate Research Center. Prior to the start of this experiment, no animals in the study group had any clinical or experimental history that would be expected to affect bone mass. All animals are individually housed, to allow for the accurate assessment of daily food intake (Colman et al. 1998; Kemnitz et al. 1993) , and grouped into rooms. Within rooms, individuals have extensive visual and auditory contact with each other and are provided with an enriched environment consisting of perches, branches and small noninjurious toys that are rotated on a regular basis. Animals rooms are maintained at an approximate temperature of 21°C and humidity of 50-65%. Room lighting is automatically controlled on a 12-h light, 12-h dark schedule with no outside light reaching the animal rooms. Animals are monitored daily for general health by animal care and research staff and semi-annually by veterinary staff.
Animals were monitored for individual baseline food intakes of a purified diet (Teklad #85387, Madison, WI (15)) for a period of 3 months prior to the start of the study. Randomization in equal numbers to C and R groups was stratified by baseline food intake. Following baseline assessments, the R group food allotments were reduced by the 100 calorie wastage allowance, and for 3 successive months, a further reduction of 10% per month from individual baseline intake averages. At the time of the final food allotment reduction, R animals were switched to a caloric equivalent of a modified Teklad diet (diet #93131) which is enriched by 30% in vitamins and minerals. Food intake is measured daily for all animals. Annual differences between C and R animals in daily food intake along with the number of animals still alive at each timepoint in the study are shown in Table 1 . All animals have 24-h access to tap water and are supplied with food for approximately 6-8 h per day. Following removal of food each evening, each animal receives a piece of fresh fruit.
Procedures
Bone densitometry DXA (model DPX-L, GE/Lunar Corp., Madison, WI, USA) was used to assess total body BMC and BMD at yearly intervals from 1 through 5 years of CR and then twice yearly from 5.5 through 20 years. Additional region-specific DXA scans were performed as follows: lumbar spine scans in the posterior-anterior projection every 6 months from 6 to 8 years of CR and then annually until 20 years of CR, lumbar spine scans in the lateral projection annually from 8 to 20 years of CR, and radius scans annually from 10 to 20 years of CR. Body weights were obtained immediately prior to DXA scanning at each timepoint for all animals.
Coefficients of variation were <2.5% for each of the scans performed in this study (Colman et al. 1999b) . Prior to DXA scanning, animals were fasted for approximately 16 h before sedation with ketamine HCl (up to 15 mg/kg, IM). Animals were additionally administered xylazine (0.6 mg/kg, IM) for muscle relaxation and additional ketamine HCl as needed for anesthesia maintenance. Following scan acquisition, yohimbine (0.06 mg/kg, i.v.) was administered to expedite recovery. The standardized positioning used for bone densitometry in this study has been previously described (Champ et al. 1996; Colman et al. 1999b) . Briefly, scans of the total body were performed with the animals supine on the scanner bed with foam wedges placed at the waist and a foam cylinder beneath the knees. Posterior-anterior (PA) lumbar spine scans were also performed with the animals supine with the spine parallel to the table midline and the arms abducted to 90°. Lateral lumbar spine scans were performed with the animal in left lateral recumbency. Scans of the left radius were performed with the animal in left lateral recumbency.
Total body and spine scans were acquired and analyzed using Lunar pediatric software (version 1.5e). Total body scans required no region of interest placement. Analysis of the PA lumbar spine was localized to vertebrae 2-4. Analysis of the lateral lumbar spine required manual placement of edges surrounding the bodies of vertebrae 3 and 4. Radius scans were acquired and analyzed using Lunar small animal software (version 1.0d). Radius analysis included a distal region and a shaft portion chosen to mimic the clinical "ultradistal" and "1/3" radius sites. The distal region, consisting mainly of cancellous bone, was defined as a 2×15 mm box located 10 mm from the distal tip of the styloid process. The shaft portion, consisting mainly of cortical bone, was defined as a 5×15 mm box located 47.5 mm from the distal tip of the styloid process.
Biochemical measurements
All animals were fasted overnight prior to phlebotomy. Blood was drawn into vacutainers from the saphenous or femoral vein between 0700 and 0900 hours and allowed to clot for approximately 30 min. Samples were then centrifuged and serum aliquoted into separate vials for each analyte and frozen at −80°C until analysis. Overnight urine samples were collected into a flask on ice. Samples were then centrifuged, aliquoted, and frozen at −80°C for later analysis.
The following parameters were measured (numbers represent inter-and intra-assay coefficients of variation, respectively): osteocalcin (RIA, Diagnostic systems laboratories, Webster, TX, USA, 8.28%, 4.90%, 6-8 years every 6 months then annually from 9 to 12 years), ICTP (RIA, Incstar, Stillwater, MN, USA, 6.75%, 3.08%, 6-8 years every 6 months), NTx (Ostex International Inc., Seattle, WA, USA, 4.00%, 7.63%, annually from 6 to 13 years), PTH (IRMA, Diagnostic Products Corporation, Los Angeles, CA, 10.38%, 9.45%, at 9 and 10 years), and 25OHD (RIA, Incstar, Stillwater, MN, 8.57%, 5.97%, annually from 6 to 12 years). All assays were fully validated for use in the rhesus monkey by parallelism and spike recovery.
Statistics
During the 20-year period covered by this study, 20 (12 C, 8 R) of the original 30 males have died. Animals have been included in statistical analysis and figures until the time of their death. Statistical significance was determined at the p<0.05 level for all analyses.
Body weight and total body fat and lean masses were assessed for diet and time effects by repeated measures analysis of variance (JMP, SAS Institute, Cary, NC, USA). Bone and biochemical data were assessed using a linear mixed model (LMM) approach to estimate longitudinal trends in the data while accounting for the dependency in the data due to multiple observations per subject. LMM also accounts for missing data (under the assumption that data are missing at random) without relying on complete case data. For each bone-related outcome, an autoregressive lag-1 covariance structure over the repeated assessments was modeled in SAS PROC MIXED, and the diet and time period main effects and the diet-by-time interactions were tested while statistically controlling for fat mass and lean mass.
Results
Body weight and body composition
Long-term CR in this group of male rhesus macaques led to a statistically significant diet-by-time interaction (p<0.001) for body weight (Fig. 1) explained by an increase (p<0.001) in the C group of animals. Total body fat and lean mass both changed significantly over time and as an effect of diet with statistically significant diet-by-time interactions (p<0.001); however, while the difference in fat mass was explained by an increase in the C group, the difference in lean mass was explained by a decrease in the C group (Fig. 2a, b) .
Bone densitometry
For total body BMC, the diet (p00.014) and time period (p<0.001) were statistically significant factors. Total body BMC was higher in C compared to R animals; it changed over time and declined with advancing age. The diet-by-time interaction was not statistically significant (p00.181), indicating no differences in these longitudinal trends after controlling for the significant relationships of fat (p<0.001) and lean mass (p<0.001) to total body BMC. For total body BMD, the diet (p<0.001) and time period (p<0.001) were statistically significant. As can be seen in Fig. 3 , the C animals have higher total body BMD than R animals, and it changes over time and declines with age. Furthermore, the diet-by-time interaction was statistically significant (p00.015) after controlling for the significant relationships of fat (p00.018) and lean mass (p00.035) to total body BMD. This indicates differential change in total body BMD over time for the two different diet conditions. Follow-up tests indicate that the C and R animals do not differ in the first 6 years of study. After year 6, the C animals have significantly higher total body BMD and the R animals experience a further decrease in total body BMD in the seventeenth year of study (Fig. 3) . Although the diet (p00.073) and time (p00.442) main effects were not statistically significant for PA lumbar spine BMC, the diet-by-time interaction was statistically significant (p00.018) after controlling for the significant relationships of fat (p00.002) and lean mass (p<0.001) to PA lumbar spine BMC. Follow-up analyses show that the diet groups did not differ in the first 12 years of assessment, but after that time, C animals had significantly higher lumbar spine BMC than R animals. Although C animals appear to have slightly higher levels of PA lumbar spine BMD as compared to R animals, the diet (p00.193) and time (p00.275) main effects and diet-by-time interaction (p0 0.292) were not statistically significant after controlling for the significant relationships of fat (p00.001) and lean mass (p<0.001) to PA spine BMD (Fig. 4) .
For BMC of the lumbar spine viewed in the lateral projection, although the main effect of diet was not statistically significant (p00.168), both the time main effect (p00.033) and the diet-by-time interaction (p0 0.044) were statistically significant after controlling for the significant relationships of fat (p00.031) and lean mass (p<0.001). Follow-up analyses show that lateral spine BMC in C animals remained fairly constant over time, whereas the R animals displayed a decline. For BMD of the lumbar spine in the lateral projection, the diet (p00.303) and time (p00.281) main effects were not statistically significant; however, the diet-by-time interaction was statistically significant (p00.014) after controlling for fat (p00.885) and lean mass (p<0.001). Follow-up analyses show that the diet groups did not differ in the first 7 years of assessment, but after that time, R animals had a statistically significant decline (Fig. 5) .
Although C animals appear to have slightly higher levels of distal radius BMC as compared to R animals, and distal radius BMC appears to decline over time, the diet (p00.097) and time (p00.442) main effects and diet-by-time interaction (p00.978) were not statistically significant after controlling for fat (p00.051) and lean mass (p<0.001). For distal radius BMD, the diet (p00.034) and time (p00.007) were statistically significant. The C animals had higher distal radius BMD than R animals and distal radius BMD declines with age. The diet-by-time interaction was not statistically significant (p00.996), indicating no differences in these longitudinal trends after controlling for the significant relationships of fat (p00.042) and lean mass (p00.290) (Fig. 6) . Differences between C and R animals were not statistically significant (p00.089) for radius shaft BMC. Although radius shaft BMC appears to decline over time, the longitudinal decline was not statistically significant (p00.190) nor was the diet-by-time interaction (p0 0.882) after controlling for fat (p00.239) and lean mass (p<0.001). Similarly, the differences between C and R for radius shaft BMD were not statistically significant (p00.168); however, radius shaft BMD significantly declined over time (p<0.001) after controlling for fat (p00.879) and lean mass (p<0.001) (Fig. 7) . As in the radius shaft BMC measurement, the diet-by-time interaction for radius shaft BMD was not statistically significant (p00.999).
Biochemical measurements
Osteocalcin levels were extremely variable over time (p<0.001). R animals tended to have higher levels of osteocalcin than C animals; however, this difference was not statistically significant (p00.062) after controlling for fat (p00.914) and lean mass (p00.390). Additionally, the diet-by-time interaction was not statistically significant (p00.215). Differences between the groups in ICTP (p00.635) and NTx (p00.141) were not significantly significant. ICTP significantly declined over time (p<0.001) after controlling for fat (p00.009) and lean mass (p00.002); however, the diet-by-time interaction was not significant (p00.450). Similarly, NTx declined over time (p<0.001) after controlling for fat (p00.392) and lean mass (p00.216) with a nonsignificant diet-bytime interaction (0.516). For PTH, there were only two assessment periods 1 year apart from each other. The overall differences between the groups were not significant (p00.351). PTH significantly increased from the first to the second assessment (p00.003) after controlling for fat (p00.457) and lean mass (p00.068). The diet-by-time interaction was not statistically significant (p 00.288). Although 25OHD appears to decline over time, the diet (p00.312) and time (p00.872) main effects and diet-by-time interaction (p00.797) were not statistically significant after controlling for fat (p<0.001) and lean mass (p00.005). 
Discussion
This study has shown that an approximately 30% CR can be safely initiated and maintained long-term in adult male rhesus macaques. These animals are now entering old age, an exciting time for an aging intervention study. Most of the results presented here represent the impact of changing body weight on the skeleton but may also represent the metabolic effects of CR. The reported DXA results add understanding of the skeletal response to CR in a nonhuman primate. Unfortunately, the results from our biochemical markers were highly variable and not particularly informative. Perhaps, the use of more specific markers in the future will prove to be more revealing. A growing body of evidence demonstrates a positive association between bone mineral density and body mass. A study of moderate CR in women showed a significant relationship between reduction in body mass and reduction in bone mass (Ramsdale and Bassey 1994) . This is consistent with the theory that the most important influence on bone mass is the load it is required to bear (Frost 1993; Lanyon et al. 1986) . Similarly, studies in both healthy men (Nuti et al. 1995) and older women (Blain et al. 2001 ) have found BMD to be highly related to lean body mass. In female rhesus macaque vertabrae, a weak positive correlation between bone density and weight has been reported (Grynpas et al. 1989 (Grynpas et al. , 1993 . Contrary to this, DeRousseau (1985) found a statistically significant inverse relationship between body weight and bone mass in female rhesus macaques, possibly due to the effects of osteoarthritis (OA).
As further evidence of the effect of body weight on bone mass, decreased load on bone, or unloading, has been proven in numerous studies to cause accelerated bone loss among mammals (Wheadon and Heaney 1993; Amin 2010; Vernikos and Schneider 2010) . Additionally, prolonged inactivity directly leads to bone loss at weight bearing sites (Qin et al. 2010; Habold et al. 2011 ). Complimentary to this, regular physical activity, resulting in increased loading, increases both the mineral content and the density of bone as well as reducing the rate of demineralization (DiGiovanna 1994; Wheadon and Heaney 1993) . Furthermore, athletes have been shown to have BMD values greater than nonathletes (Eisman et al. 1991; Maimoun et al. 2011; Markou et al. 2010) , and an even more dramatic example, tennis players have higher BMD in their dominant compared to their nondominant arm (Calbet et al. 1998; Haapasalo et al. 1998) . Specifically regarding these mechanicalloading factors, the skeleton likely responds to mechanical stress such as increased body weight with a stimulation of osteoblast activity (Wardlaw 1996; Turner and Pavalko 1998; Mullender et al. 2004 ). However, in this group of animals, osteocalcin, a markers of osteoblast activity was not different between the diet groups.
A study in humans found increased BMD of the distal forearm in conjunction with obesity (Hyldstrup et al. 1993 ). These obesity-related alterations in BMD have also been found to a greater degree in the vertebral column. Since Hyldstrup et al. (1993) found this relationship in a peripheral bone, they argue that the effect of obesity on the skeleton is not entirely due to increased mechanical loading. Instead, they suggest that the increased fat tissue mass in obesity leads to increased estradiol levels, due to aromatization of estrogen precursors in adipocytes.
Decreased levels of estrogen and testosterone are linked to loss of bone mass as is the case in postmenopausal women and hypoandrogenic males, respectively. Since estrogen and other highly lipid soluble substances can be stored and subsequently released by body fat, it is believed that increased amounts of fat can result in higher maintenance levels of estrogen and therefore a reduction in estrogen-depletion bone loss (DeRousseau 1985) . Heavier body weights are also associated with increased serum concentrations of testosterone (Edelstein and Barrett-Connor 1993) . Increased fat mass is also likely to support greater conversion of androgens to estrogens. Furthermore, lower concentrations of sex hormone-binding globulin have been noted in obese individuals (Haffner and Bauer 1992) effectively increasing circulating levels of bioactive estrogen and testosterone. Although the mechanism is still unclear, a reduction in estrogen levels leads to increased skeletal remodeling perhaps via cytokine dysregulation in the bone microenvironment (Horowitz 1993) .
More recently, the hormonal activity of adipose tissue has gained appreciation. Several adiposederived hormones (adipokines) are now known to directly modulate the activity of bone cells as well as indirectly influence the skeleton through their actions on the central nervous system. The best known of these adipokines is leptin, a hormone we have previously shown to correlate directly with body fat mass in these animals (Colman et al. 1998) . Locally, leptin is responsible for skeletal preservation by increasing osteoblast proliferation and differentiation (Thomas et al. 1999 ) and inhibiting osteoclastogenesis (Holloway et al. 2002) . Indirectly, leptin may act on the skeleton through stimulation of growth hormone secretion and its effects on the hypothalamic-pituitary axis (Carro et al. 1997) . Centrally, leptin has been shown to inhibit serotonin synthesis thereby inhibiting bone mass accrual (Karsenty and Oury 2010) .
OA, specifically the osteophytes associated with this pathology, can lead to an increase in the amount of mineral detected by DXA technology. For this reason, it is important to account for the presence of OA in a study of DXA-measured BMC and BMD, particularly given the prevalence of OA in aging populations. We have previously shown that OA increased with age and body mass in these animals (Duncan et al. 2011) . In order to account for the presence of OA, we performed lumbar spine scans in two projections, PA and lateral with the understanding that lateral scans would reduce the impact of OA on results. This effect of OA on the interpretation of PA lumbar spine scans may explain the loss of bone mass in R animals on lateral scans, while no significant loss was evident on PA scans.
In summary, male rhesus macaques subjected to long-term CR tend to have lower bone mass than age-and sex-matched C monkeys. However, bone turnover, as measured by biochemical markers is not altered by this intervention. It is believed that the lower bone mass in the R animals reflects the smaller body size of the R monkeys and not a pathological osteopenic condition.
